Recent proteomic analyses revealed dynamic changes of metabolisms during rice grain development. Interestingly, proteins involved in glycolysis, citric acid cycle, lipid metabolism, and proteolysis were accumulated at higher levels in mature grain than those of developing stages. High temperature (HT) stress in rice ripening period causes damaged (chalky) grains which have loosely packed round shape starch granules. The HT stress response on protein expression is complicated, and the molecular mechanism of the chalking of grain is obscure yet. Here, the current state on the proteomics research of rice grain grown under HT stress is briefly overviewed.
INTRODUCTION
The Intergovernmental Panel on Climate Change is discussing several scenarios concerning the greenhouse gas emission, and it is predicted that the global surface temperature will further increase during the twenty-first century. High temperature (HT) impediment in developing stage of crops, such as rice (Oryza sativa), maize (Zea mays), wheat (Triticum spp.), barley (Hordeum vulgare) and soybean (Glycine max), has been occurred due to the impact of global warming (Ainsworth and Ort, 2010) . Rice production is known to be sensitive to increasing environmental temperature (Peng et al., 2004) , and current grain filling temperatures are already approaching critical levels in many countries with rice cultivation (Ainsworth, 2008) . Furthermore, it should be stressed that the grain quality is more susceptible to the HT stress compared with the grain yield. The appearance quality of rice grain is mainly evaluated by its transparency. As shown in Figure 1 , the perfect grain is filled with normal starch granules exhibited polygonal with sharp edges. In the case of damaged (central chalky) grains caused by the HT stress, abnormal and round shape starch granules were loosely packed in the part of grain, and this part is whitely seen by irregular reflection of the light. The mechanism of grain chalkiness under HT stress is considerably complicated. The temperature at the grain filling stage has shown to influence the starch composition in rice grains (Asaoka et al., 1984 (Asaoka et al., , 1985 (Asaoka et al., , 1989 Inouchi et al., 2000; Lisle et al., 2000; Umemoto and Terashima, 2002; Cheng et al., 2005; Yamakawa et al., 2007) . Heat stress reduced the amylose contents and weakly changed the fine structure of amylopectin (Asaoka et al., 1984; Inouchi et al., 2000) , possibly indicating that the abnormal expression of the starch synthesizing enzymes is a key factor causing the chalky grains of rice (Nishi et al., 2001; Tanaka et al., 2004) . However, chalky grains without any remarkable change in starch chain distribution were also observed compared to translucent grains which were ripened under both control and HT (control + 3.6 • C) conditions (Tsutsui et al., 2013) .
Recent remarkable development of the efficient, sensitive, and high-throughput proteomics technology lead us to the next research phase of the grain filling. In the mini review, the current progress of studies on proteome of rice ripening and mature grains is described. Furthermore, the chalking mechanism of rice grain under the HT stress is discussed in terms of grain starch glycome, transcriptome, and proteome.
RICE GRAIN PROTEOME UNDER HT STRESS
Comprehensive proteomic survey of metabolic enzymes, structural and storage proteins, and allergens in rice grains have been carried out using two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and gel-free-based shotgun technologies (Koller et al., 2002; Lin et al., 2005; Xu et al., 2008; Lee and Koh, 2011) . Lee and Koh (2011) demonstrated that the identification of 4,172 non-redundant proteins with a wide range of molecular weight (5.2-611 kDa) and pI values (pH 2.9-12.6) in developing and mature grains of rice. In the analysis of ontology category enrichment for the 4,172 proteins, 52 categories were enriched, including the carbohydrate metabolic process, transport, localization, lipid metabolic process, and secondary metabolic process. Expression analyses of protein groups associated with different functional categories revealed dynamic changes of metabolisms www.frontiersin.org during rice grain development. It seems that a switch from central carbon metabolism to alcohol fermentation is important for starch synthesis and accumulation in the development process (Xu et al., 2008) . Interestingly, however, it was detected that proteins involved in glycolysis, citric acid cycle, lipid metabolism, and proteolysis, and so on, accumulated at higher levels in mature grain than those of developing stages (Lee and Koh, 2011) . This observation appears to indicate that the preparation of materials required in germination occurred until the seeds were fully matured and dried.
Information of rice grain proteome in the anthesis and ripening stages under HT stress was limited. The anthesis is the most sensitive stage to HT stress in rice. Jagadish et al. (2010) performed gel-based proteomic analyses of different genotype anthers prepared from rice plants exposed to 6 h of high (38 • C) and control (29 • C) temperature at anthesis. Both cold (19 kDa) and heat (24 kDa) shock proteins were found significantly upregulated in highly heat tolerant genotype N22, suggesting that these might contribute to the greater heat tolerance of N22. Lin et al. (2005) have reported that HT stress (35/30 • C) during caryopsis development reduced the expression of starch granule-bound starch synthase (Wx), allergen-like proteins, and elongation factor 1β, but enhanced the expression of small heat shock proteins (sHSP), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and prolamin, in comparison with those in control temperature (30/25 • C). Furthermore, they analyzed HT stress response of several different cultivars including high-chalky types, the results showing that sHSP was positively correlated with the appearance of chalky kernels (Lin et al., 2005) . Transgenic rice plants overexpressing HSP17.7 (Murakami et al., 2004) and HSFA4d (Yamanouchi et al., 2002) exhibited increase of heat tolerance, however, there was no evaluation during grain filling stage. In recent studies, the accumulation of all classes of storage proteins was increased at early ripening stage under the HT stress, whereas the prolamin accumulation was decreased at maturation and desiccation stages (Lin et al., 2010) . On the other hand, Li et al. (2011) descried that pyruvate phosphate dikinase (PPDK) was up-regulated and pullulanase (PUL) was down-regulated during grain filling under the grain chalkiness induced temperature condition, respectively. In wheat grain proteome, HSPs, storage proteins, late embryogenesis abundant proteins, peroxiredoxins, and α-amylase/trypsin inhibitors have shown to be HT-responsive (Skylas et al., 2002; Majoul et al., 2003; Hurkman et al., 2009; Yang et al., 2011) . Thus, it must be said that the information concerning the protein expression in developing seeds response to the HT stress is minimum and confusing.
STARCH GLYCOMIC, TRANSCRIPTOMIC, AND PROTEOMIC ASPECTS OF GRAIN CHALKINESS
Grain chalking caused by HT stress during ripening stage is one of the major issues decreasing the appearance quality of rice grain (Yoshida and Hara, 1977; Tashiro and Wardlaw, 1991a,b) . Although the chalky grains of rice were appeared even at the optimum temperature range of grain filling, the HT stress increased the percentage of chalky grains and further extended the chalking area of grain (Tsutsui et al., 2013) . Scanning electron microscopy (SEM) studies of the chalky grains have been done by several research groups (Evers and Juliano, 1976; Tashiro and Wardlaw, 1991a; Kim et al., 2000; Lisle et al., 2000; Zakaria et al., 2002) . The starch granules in translucent part of chalky grain had similar tight packing and shape to the perfect grain. While, in the opaque part of chalky grains, the starch granules that had a round shape with several small pits were loosely packed (Tsutsui et al., 2013) .
It has been demonstrated that the environmental temperature at the ripening stage apparently changes the starch composition in rice grains (Asaoka et al., 1984; Inouchi et al., 2000; Lisle et al., 2000; Umemoto and Terashima, 2002; Cheng et al., 2005; Yamakawa et al., 2007) . Interestingly, the enzyme activity of starch branching enzyme IIb (BEIIb) in vitro was shown to drop sharply at more than 35 • C (Ohdan et al., 2011) . The HT stress decreased the amylose contents and the weight ratio of A + short B chains to long B chains of amylopectin in grain (Asaoka et al., 1984; Inouchi et al., 2000) , while opposite directions of changes in A-and B-fractions were observed at lower temperatures (Umemoto et al., 1999) . Microarray analysis of rice ripening Frontiers in Plant Science | Plant Proteomics www.frontiersin.org seeds showed that the expression of starch synthesis-related genes including granule-bound starch synthase I (GBSSI), BEIIb, ADPglucose pyrophosphorylase (AGPS2b, AGPS1, and AGPL2) and ADP-glucose translocator (BT1-2) were partially repressed under HT condition (Yamakawa et al., 2007) . It was widely accepted that the amylose-extender (ae) mutant, that is deficient in BEIIb gene, exhibited a severe chalky phenotype of grain. The ae-type grains contained amylopectin with largely reduced amount of short chains of degrees of polymerization (DP) 8-12 and enriched in long chains with DP more than 19 (Nishi et al., 2001 ). The grain chalkiness of ae mutant was disappeared by transforming the wild-type BEIIb gene (Tanaka et al., 2004) , suggesting that the abnormal expression of BEIIb is one of factors causing the chalking of grain. However, a recent study showed that the chainlength distributions of starches prepared from the translucent and opaque parts of perfect and chalky grains of Koshihikari cultivar harvested in 2009 (24.4 • C) and 2010 (28.0 • C) were not distinguishable (Tsutsui et al., 2013) . Moreover, Yamakawa et al. (2007) have described that the reduction of amylose content and the increase of long B chains of amylopectin by HT were not correlated to the grain chalkiness. Thus, the relevance of the starch fine structure to the chalkiness of grain under HT stress is still unclear.
The SEM observation indicated that the opaque portion of chalky grain had looser packing of round-shaped starch granules, furthermore, numerous pits were observed on the surface of starch granule from the chalky endosperm (Tashiro and Wardlaw, 1991a; Tsutsui et al., 2013) . These observations suggested that, in addition to damage of starch synthesis, premature autolysis of starch induced by HT stress of ripening stage resulted in the abnormal shape of starch granules in the opaque parts of grain. Recently, it was observed that the level of glucose in opaque parts was strikingly high in comparison with the corresponding translucent parts of perfect grains (Tsutsui et al., 2013) , possibly indicating that amylolytic enzymes exist and work in the opaque parts of chalky grains. The expression of several α-amylase mRNA species was detected in ripening seeds of rice using a transcriptomic analysis. Noteworthy, the mRNA expression of Amy1A, Amy1C, Amy3D, and Amy3E genes, as well as α-amylase activity, was increased under HT stress (Yamakawa et al., 2007; Hakata et al., 2012) . In addition, cauliflower mosaic virus 35S promoter-driven overexpression of AmyI-1 (Amy1A) and AmyII-4 (Amy3D) resulted in grains with decrease weight and chalky appearance even under normal temperature condition (Asatsuma et al., 2006) . In marked contrast to the above story, Ishimaru et al. (2009) reported that the α-amylase mRNA was not detected in the central part of endosperm tissue during grain filling, claiming that starch degradation by α-amylase was not the cause of the formation of chalky grain. However, Hakata et al. (2012) have shown that RNAi-mediated suppression of α-amylase genes in ripening seeds resulted in fewer chalky grains under HT conditions, and the extent of the decrease in the ratio of chalky grains was highly correlated to decreases in the gene expression of Amy1A, Amy1C, Amy3A, and Amy3B. Furthermore, Tsuyukubo et al. (2010 Tsuyukubo et al. ( , 2012 have demonstrated by immunoblotting with the specific antibodies that AmyI-1 (Amy1A) and AmyII-4 (Amy3D) proteins existed in the outer layers (100-80% fractions) of rice grain (cv. Koshihikari), while α-glucosidase and AmyII-3 (Amy3E) were mainly detected in the inner layers (90-0% fractions). These experimental results would reveal that activation of amylolytic enzymes by HT is a crucial trigger for grain chalkiness. Local proteomic analyses for determining individual contribution of starch degrading enzymes involving in site-specific localization of chalking remain to be performed.
FUTURE PERSPECTIVE
Global warming is the most serious environmental issue, and the global surface temperature will probably rise a further 1-6 • C during the twenty-first century. HT stress in rice ripening periods causes a decrease in not only grain yield but also grain quality. Grain chalking caused by HT stress during ripening stage is one of the major problems in the field of agriculture. Understanding of the mechanisms of grain chalking under HT stress in ripening is extremely important to develop a strategy for reducing the large occurrence of chalky grains in the region to produce good taste and high quality of rice by climate warming. Intensive and precise local proteomic analyses (see Figure 2 ) of HT-stressed developing and mature grains will gain better understanding the grain chalking mechanism(s).
